The progressive development of a dynamic model of ruminant digestion for evaluation of factors affecting nutritive value of feedstuffs is outlined. Significant changes have been introduced in many of the interactive subunits that accommodate the digestion of 12 chemical constituents (soluble carbohydrate, organic acids, starch, pectin, hemicellulose, cellulose, lipids, soluble protein, insoluble protein, nonprotein N, lignin and ash), microbial growth, animal interactions and summary computations. Explicit consideration of soluble carbohydrates, organic acids and pectins has been replaced by an aggregate fraction. A section has been added to follow dynamic aspects of volatile fatty acid metabolism in the rumen. Evaluations of the model were made by comparing its behavior with that observed experimentally for sheep fed a number of diets. These included an alfalfa diet fed at two intake levels either hourly or once daily, a dried subterranean clover diet fed hourly, a forage oat diet fed every 3 h and an 80% concentrate diet fed twice daily. For frequently fed diets, model estimates, in general, agreed very well with experimental estimates. Although changes in representations of protein metabolism were helpful, the pool size of ruminal ammonia N was not simulated well. Digestion and passage in the model occurred more rapidly than was observed when animals were fed high-quality forages once daily and rates of particle size reduction, fermentation and passage were lower than observed when low-quality diets were fed. It was concluded that the model can serve as a useful and adaptable tool for analyzing factors affecting nutritive value. Particle size reduction and passage from the rumen, dynamics of protein metabolism and utilization, and water dynamics were identified as areas requiring further research.
Introduction
Much ruminant nutrition research has been directed at evaluating factors affecting nutritive values of feedstuffs. One general conclusion from this research is that no single factor should be regarded as sole determinant or indicator of nutritive value (Ulyatt et al., 1976) . Numerous factors are now thought to be involved in a complex set of interactions among host, microbes, physical and chemical properties of feedstuffs, and end-products of digestion. Quantitative and dynamic analyses of these complex interactions have become feasible with the advent of modeling and computer simulation techniques.
This approach was taken by Baldwin et al. (1977) in the development of a dynamic model of ruminant digestion for evaluation of factors affecting nutritive value. The model consisted of interactive subunits accommodating the digestion of 12 chemical constituents (soluble carbohydrate, organic acids, starch, pectin, hemicellulose, cellulose, lipids, soluble protein, insoluble protein, nonprotein N, lignin and ash), microbial growth, animal interactions and summary computations.
This paper describes the model's progressive development over the past several years. Also presented is an evaluation of predicted digestion relationships as compared with data from experiments specifically designed to measure many relevant parameters and interactions.
Materials and Methods
The basic model of Baldwin et al. (1977) is written in the Continuous System Modeling Program (CSMP) simulation language (Fugazi, 1974) , and consists of several hundred equations. Detailed descriptions here, therefore, have been limited to modifications. Current listings of the entire model can be obtained from one of the authors. Soluble Carbohydrate. This subunit's block diagram remains unchanged. Organic acids and pectins have, however, been included with the soluble carbohydrate fraction. They were aggregated by regarding 1 mol of organic acids and pectins as equivalent to .5 and 1 moi of soluble carbohydrate, respectively.
Separate representation of these three substrates yielded no significant improvement in overall fit for a model used to estimate stoichiometric parameters of ruminal fermentation (Murphy et al., 1982) . Removing explicit consideration of organic acids and pectins was, therefore, consistent with a long-standing goal in model development, i.e., to incorporate only essential elements and detail in meeting objectives.
Starch. The block diagram for the starch subunit has not been modified from that previously described (Baldwin et al., 1977) .
Hemicellulose. The hemicellulose subunit's block diagram is presented in figure 1 . Hemicellulose that has been recently consumed (AHC) is partitioned among large (HC 1), intermediate (HC2) and small (HC2A) particle pools upon hydration. As before, this partition is affected by both a particle size factor (PSFI) and effects of chewing (CHEWF). The relevant equations are given below:
where R502, R503 and R503A represent the rates of removal of hemicellulose from the AHC pool in mmol/h. The rate constant for each reaction is denoted K502. For long or coarsely chopped forages, it was assumed PSFI =0 and CHEWF=.33; therefore, 67, 33, and 0% of hemicellulose passing from AHC was partitioned into HCI, HC2 and HC2A, respectively. Small particles, those likely to pass from the rumen, remain defined as material capable of passing through a l-mm sieve (Ulyatt et al., 1976; Baldwin et al., 1977) . Addition of the HC2A pool was the major modification of the hemicellulose subunit. This change was necessary to control the passage of hemicellulose to the lower gut. Simulation of 
Reactions R504, R512 and now R504A, represent particle size reduction brought about by rumination. In the previous version (Baldwin et al., 1977) , these reactions were continuous functions with no provision for regulation of rumination. The current version utilizes fraction of time spent ruminating (RUM) to compute rate constants for R504, R504A and R512 as follows: 
The constants K504E K51MAF and K512F serve to scale RUM. Fraction of time spent ruminating is estimated using an equation discussed below with the central subunit.
Hemicellulose becomes associated with free microbes (FBUG) via R506, R508 and R508A, or with newly produced or released microbes (BUG5, BUGR5), via R510 and R511 (figure 1). Pools BHC1, BHC2 and BHC3, therefore, represent hemicellulose associated with microbes or their hydrolytic enzymes. These pools are considered large, small and soluble particle pools, respectively. The small particle pool BHC2, like HC2A, can pass from the rumen (R515). Soluble products of hemicellulose hydrolysis in BHC3 are fermented via R516 to volatile fatty acids (VFA). Energy released during this process is available for microbial maintenance and growth.
Equations for microbial degradation of hemicellulose (R513, R514 and R516) were modified after ratios for association of microbes with substrate (here g ceUs/mmol hemicellulose = M5) were made dynamic variables. Details of these changes are discussed in the microorganism section.
Lower gut hemicellulose (LGHC) is either fermented to lower gut VFA (LGVFA) or passes to feces (FECHC).
Cellulose. Changes outlined for hemicellulose also apply to the block diagram and equations of the cellulose subunit. This subunit, therefore, remains essentially identical to that described for hemicellulose.
Lipids. The equations and block diagram representing digestion of dietary lipid have not been changed from those reported previously (Baldwin et al., 1977) .
Protein and Nonprotein N (NPN).
The block diagram for the N subunit is shown in figure 2 . Freshly consumed soluble protein, insoluble protein and NPN (nucleic acids, urea) enter the soluble protein (ASP), insoluble protein (AIP), and NPN (ASN) pools, respectively. Once hydrated, soluble protein ASP is subject to hydrolysis via R802 to ruminal amino acids (RSAA).
The AlP pool has been modified to reflect, more explicitly, its heterogeneous nature. The portion of AIP present as small particles Figure 2 . Block diagram of nitrogen subunit. Symbolism from Baldwin et al. (1977) as defined in the text.
(SPAIP) is calculated using the ratio of small particle to the sum of large and small particle dry matter (DM) in the rumen [(GRSPDM/ (GRLPDM + GRSPDM)]. Solubilization and passage via R902 and R904, respectively, apply only to SPAIE Particle size reduction by microbial action and rumination, therefore, now have active roles in determining the availability of insoluble protein.
Nonprotein N in the ASN pool is hydrated via RI002 to enter the soluble NPN pool (RSN). Soluble NPN is degraded to ammonia via R 1003. Ruminal amino acids form ammonia via R807. Fermentation of RSAA and the nucleic acid portion of RSN yield VFA. Ruminal amino acids can also be used for microbial growth (R805, R806) or pass to the lower gut (R804).
Ruminal ammonia N (RNH3N) is utilized for microbial protein synthesis (R808), absorbed through the ruminal wall (R809) or passed with water (R808A). Another source of RNH3N is salivary N (R810) from plasma NPN (TPNPN). Equations depicting transformations of urinary N (URINN), plasma amino acids (TPAA), body protein (BODPRT), fecal protein (FECPRT), lower gut NPN (GNPN) and amino acids (GAA) all remain unchanged from the previous version (Baldwin et al., 1977) .
Microorganisms. An interim version of the model included separate representations of protozoa and bacteria. The purpose of doing this was to examine effects of protozoal predation and lysis on RHN3N. Ruminal ammonia N concentration had, until then, been chronically underestimated. Baldwin and Denham (1979) showed that RNH3N was much more sensitive to rate of insoluble protein degradation than either rate of protozoal lysis or salivary N secretion. The current version, therefore, simply includes a mixed population of ruminal microorganisms.
The equation changes needed to implement dynamic computation of the concentration of microbes associated with insoluble substrates (BBUGC) follow:
GRBOM = GRBST + GRBSST + GRBHC1 + GRBHC2 + GRBHC3 + GRBC I + GRBC2 + GRBC3.
In equation (11), M5 is computed as the product of total associated microbe concentration (BBUGC) and the millimolecular weight of hemicellulose (MMW5). The BBUGC is total associated microbial mass (BBUG) divided by amount of associated particulate organic matter (GRBOM) in equation (12). The differential equation (13) represents the association and disassociation of microbes with starch (R3__), hemiceUulose (R5__) and cellulose (R6m). Equation (14) invokes the CSMP command INTGRL, which specifies integration of the differential equation (DBBUG) starting from an initial associated microbial pool size (IBBUG). Amounts of associated starch (suffix ST), hemicellulose (suffix HC__) and cellulose (suffix C___) are summed in equation (15) to estimate GRBOM. These changes forced equations to be modified in the starch, hemicellulose and cellulose subunits. Examples of the required changes for hemicellulose are described below: 
RACET/RVOL.
Rate of change [equation (19)] in ruminal acetate (DRACET) is the difference between rate of production from fermentation (ACETF) and rates of absorption and passage (ACETAP). Total nitrogenous matter fermented (TNMF) sums the rate of protein (R807) and nucleic acid (RI003) fermentation in equation (20). before estimating their contribution to acetate production. These were combined because the stoichiometric parameters estimated by Murphy et al. (1982) were for crude protein. The terms in equation (21) represent the contribution of each carbohydrate to ACETE These are the product of rate of fermentation (L in mmol/h) of the substrate and the stoichiometric parameter for its fermentation (S_._A) in mmol acetate/retool substrate fermented. These stoichiometric coefficients are from the fermentation parameter estimates of Murphy et al. (1982) .
Acetate absorption [equation (22)] is represented as a function of ruminal acetate concentration (RACETC) and absorptive surface (KVFAA). Changes in KVFAA are accounted for by considering it to be proportional to metabolic body size: an approximation based on the data of Smith and Baldwin (1974) which indicated ruminal weight was proportional to body weight of mature dairy cows to the .84 power. Although VFA diffusion rate from rumen to blood is modified by their metabolism in the ruminal epithelium, it was concluded by Stevens (1970) that VFA absorption can be explained by diffusion alone 9 For lactating ruminants, however, our second concept is not tenable. Assuming that weight of ruminal mucosa is a good indicator of absorptive area, the data of Fell et al. (1972) show that this surface more than doubles for ewes in their first 50 d of lactation. They also showed that this hypertrophy was highly correlated with mean daffy food intake during the week before slaughter (Fell and Weekes, 1975) . Dressed carcass weight, in contrast, remained between 25 and 30 kg. Smith and Baldwin (1974) found that ruminal weight is expected to be 20% more in lactating as compared with non-lactating cows of the same body weight. A lactation effect on VFA absorption, therefore, should probabiy, be included, when applicable, with the above information.
Central Subunit. The elements contained in this subunit, in addition to those discussed above for microbes and VFA, serve to unite other sections of the model. They" include sucfi factors as animal body weight, metabolic body weight, ruminal particle size distribution and rate constants for water and organic matter passage (Baldwin et al., 1977) . Salivation and rumination have been changed by added components and calculation of ruminal water volume (RVOL) has been modified [equation (24)]:
Only hydrated material, i.e., grams of total ruminal DM (GRRDM) minus the anaounts of 9 each substrate that have just entered the rumen (GRASC through AASH), now contribute to the RVOL calculation. Water input dynamics are not explicitly represented. Fraction of time spent salivating (SALIN) has been used to modify N recycling to the rumen (R810, figure 2 ). This time is estimated ]equation (25)] by adding fraction of time spent eating (SALINE) to that spent ruminating (RUM): 
Feed input (FDDMIN) was considered to be the main determinant of SALINE [equation (26)]. Equation (27) serves to estimate RUM for continuously fed sheep; its derivation is treated separately (Murphy et al., 1983) . Summa. ry Subunit. Most equations in the summary subunit convert model outputs into a form comparable with experimental data. This comparison has been augmented in the current version by including computation of urinary N excretion (URINN), N balance (NBAL) and total rumination time (TRUM). A consideration of ruminal carbon balance (CBAL) has also been added. This parameter is a sensitive indicator of model "adaptation" to an experimental diet.
Model Evaluation. Modifications outlined previously required that numerical inputs to the model be adjusted to fit the digestion of a reference alfalfa diet of 65% apparent DM digestibility fed hourly at 910 g DM/d (Baldwin et al., 1"977) . Some parameters for which reference data had not been available were adjusted to those given for a similar diet fed hourly at 694 g DM/d (Ulyatt et al., 1984) . Other. diets and feed regimens discussed were used for evaluation only (table 1) .
Data of Ulyatt et al. (1984) were from 40 wether sheep fed chopped alfalfa hay under four feeding regimens: two levels of intake (694 or 1,028 g DM/d), and within each intake level, two feeding frequencies (1/24 of the ration hourly or one 3-or 4-h meal/d). Egan et al. (1975) and Walker et al. (1975) reported data for three wether sheep fed chopped subterranean clover hay. Equal portions were fed hourly and 896 g/d of organic matter were consumed. Unfertilized forage oats, harvested 81 d after. planting, were fed to three wether sheep by Hogan and Weston (1969) . They offered equal portions at 3-h intervals and 892 g/d of organic matter were consumed. A high concentrate (80%) diet was fed by Nicholson and Sutton (1969) to three wether sheep in two equal portions at 0600 and 1700 h. The ration consisted of 160 g of air-dry chopped hay, 150 g of dairy cubes and 500 g of flaked corn.
Results and Discussion
Observed (experimental) data and model outputs for sheep fed continuously, or nearly so, are compared in table 2. The model performed well at two intake levels of alfalfa. Close agreement at the 1,028 g DM/d intake is expected because numerical inputs to the model were calculated from data on a similar alfalfa fed at 910 g DM/d. Several discrepancies between observed and predicted values are noteworthy. 9 Model estimates of rumlnal particle size distribution contain only substrate material whereas "the experimental data include microbial DM. This difference accounts for the fact that estimates of total ruminal" DM were quite close to observed even though small particle DM appears to be underestimated. The effect of microbial DM does 'not, however, fully explain the underestimate of small particle DM at the higher intake. Pool sizes of both hemicellulose and cellulose were slightly overestimated at the low intake and underestimated at the high intake. This may result from the choice of an intermediate intake (910 g/d) as the reference intake and suggests a systematic deviation. Available experimental data do not provide an adequate basis for formulation of equations to correct this problem, indicating that additional research on particle size reduction and passage is required.
Ruminal ammonia N was the only ruminal pool significantly overestimated at both intakes. Estimated ruminal microbial DM was much bAdapted from Walker et al, (1975) and Egan et al. (1975) .
CAdapted from Hogan and Weston (1969) .
dAdapted from Nicholson and Sutton (1968) , diet CM2. (1975) and Walker el al. (1975) .
~Hogan and Weston (1969).
dObs ~ observed, Pred = predicted. ~DM = dry matter, OM = organic matter.
tMaterial retained on I-ram sieve. r passing a I-ram sieve, lower than observed. The experimental data are, however, of questionable accuracy. Had such large microbial pools been present, they would certainly have inflated the total ruminal N pool above that observed. The techniques for determining ruminal N were considered much more accurate than methods for measuring ruminal microbial DM. In this case, therefore, model estimates are considered more likely correct than the experimental data.
Estimated ruminal digestion coefficients for alfalfa agree favorably with observed coefficients for organic matter (OM), hemicellulose and cellulose. Other estimated values compared well with observed except VFA production, which was underestimated by approximately 15% at both intake levels.
Model estimates for the dried subterranean clover diet (table 2) of Egan et al. (1975) and Walker et al. (1975) were, generally, very close to experimental data. Model estimates of VFA and microbial protein production agree well with experimental estimates. Thus, the underestimates of VFA production on the alfalfa diets can be attributed to either experimental or model error, depending on which data set (alfalfa or subterranean clover) one favors.
A forage oat diet fed to sheep at 3-h intervals by Hogan and Weston (1969) also was used to evaluate the model. Digestibility of OM, N bal- " Ulyatt et al. (1984) . bObs = observed, Pred = predicted. ~DM = dry matter, OM = organic matter.
dMaterial retained on I-ram sieve.
~Material passing a I-mm sieve.
ance parameters and total rumination time were all quite close to observed values. Nitrogen passage and VFA production estimates differed somewhat from those observed. The observed value for ruminai cellulose digestibility of 82.1%, as compared with usual experimental estimates of ruminal cellulose digestion of 40 to 60% for similar dry forages, may explain the difference from the model estimated value of 46.2%.
Dynamic performance of the model was evaluated using data in which the alfalfa diet discussed above was fed at either 694 or 1,028 g DM/d, once daily in a 3-or 4-h meal, respectively (Ulyatt et al., 1984) . Results of these tests are presented in tables 3 and 4. The experimental animals had been trained to consume their entire ration in 3 or 4 h after feeding at 0900 h. Data were acquired after slaughter at three times after feeding: 1300 h, 4 h after the start of the feeding period; 2200 h, 13 h after feeding; 0830 h, just before the next feeding. There were four animals in each slaughter group.
Experimental estimates of VFA production, ruminal and overall digestion coefficients and microbial growth yields were measured on a whole-day basis for these animals before slaughter. These data are presented in the 0830-h columns of tables 3 and 4. In general, agreement between experimental and model estimates was quite good, most falling in range with experimental variance. Consistent differences were found when estimated ruminal pool sizes were compared with those observed at various times throughout the day. At 1300 h, 4 h after feeding, model estimates of pool sizes were much closer to observed than at the other two times. After feeding, ruminal digestion and passage in the model occurred more rapidly than was observed, resuiting in low pool sizes before feeding. These results indicate that improvement is still needed in representations of these relationships. Additional support for this suggestion was obtained when diets of very low quality caused aberrant model behavior. Although reasonable rumination times were computed for the low-quality diets, rates of particle size reduction were not sufficient to maintain fermentation, microbial growth and passage from the rumen. This resulted in high pool sizes in the rumen; an error in the opposite direction from that observed with alfalfa. Thus, some factors not identified in the model, act to determine rates of particle size reduction in and passage from the rumen.
For animals fed once daily, model estimates of RNH3N differed significantly from experimental estimates. A sensitivity analysis disclosed that RNH3 was easily affected by changes in the rate constant for its absorption by the animal (K809, figure 2) . Values of K809 near 1.0 were required to give satisfactory estimates of RNH3 for animals fed hourly, whereas a value of .5 gave the results reported in tables 2 through 5. The effect of changing this rate constant on RNH 3 is illustrated in figure 3 . Baldwin and Denham (1979) illustrated sensitivity to changes in the rate constant for insoluble protein degradation. It is apparent that additional experimental research is needed to clarify relationships among diet, insoluble protein degradation, ammonia absorption and RNH3N.
Finally, model performance was compared with observed data for an 80% concentrate diet fed to wethers in two equal meals (table 5 ; Nicholson and Sutton, 1969) . Concentration of VFA in the rumen was the only parameter found to deviate seriously from observed. Organic matter and starch digestion in the rumen were slightly overestimated by the model, which ~Nicholson and Sutton (1969).
partly accounts for the discrepancy between estimated and observed VFA concentrations. It is difficult at this point, due to the limited number of complete data on concentrate diets, to ascertain whether or not this observation incriminates the use of mass action equations for representing VFA absorption. These evaluations have shown the model to be a valuable and useful tool which can be used to analyze factors affecting nutritive value. Its framework can be easily altered to accommodate and evaluate new concepts in ruminant nutrition. At the same time, it can be used to evaluate hypotheses and identify key experiments where current data are found lacking. Several areas were identified as requiring further research. Critical among these are particle size reduction and passage from the rumen, dynamics of N metabolism and water dynamics. The latter has not yet been represented explicitly in the model and may be one of the more important factors controlling organic matter passage from the rumen.
